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Nanotechnology, semiconductor manufacturing, and ultra-precision technology are increasingly 
evolving and play crucial roles in industrial applications. With these requirements, positioning and 
measuring methods with resolutions down to sub-nm and even 10 pm order are essential to meet 
the requirements. In recent years, displacement-measuring heterodyne interferometers have 
become suitable for industrial applications because they have traceability to the standard definition 
of the meter if frequencies of light sources are stable and a high resolution and high noise immunity. 
Currently, it is not a simple task to measure a mechanical displacement of 10 pm or less owing 
to electronic and environmental noises in the interferometer. Such noises are generally from 
electronics devices, floor vibration, sound, airflow, thermomechanical drift, and other 
environmental fluctuations. The electronics and environmental noises introduce measurement 
uncertainties, which should be removed or minimized.  
The purpose of this work is to perform 10–20 pm-order mechanical displacement measurements 
using heterodyne interferometers, a proposed phase-locked loop (PLL), and piezoelectric (PZT) 
stages. Firstly, 20-pm-order mechanical step displacement measurements are performed and 
evaluated. The proposed PLL programmed on a personal computer (PC) is adopted. Secondly, 10-
pm-order mechanical displacement measurements are performed and discussed. Suitable noise 
reduction of the PLL can be attained using a field-programmable gate array (FPGA) instead of a 
PC. To suppress the environmental noise, the interferometer combined with the PZT stage is located 
inside a vacuum chamber with enclosed layers. 
The thesis is written in the following seven chapters.  
Chapter 1. [Introduction]. This chapter introduces background research, including some optical 
displacement measurement methods that have the capability of sub-nm- and pm-order displacement 
measurement.  
Chapter 2.  [Displacement-measuring heterodyne interferometry]. This chapter gives a description 
of a basic heterodyne interferometer. The principle of conventional phase meters for heterodyne 
interferometry is also introduced. 
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Chapter 3. [Single PLL with its instrumentations on a PC and FPGA]. The chapter describes the 
proposed phase detection method, which is based on a single PLL. The instrumentation of the PLL 
is depicted using a PC and FPGA. 
Chapter 4. [20-pm-order mechanical displacement measurements]. The setups, experiments, and 
results are discussed in this chapter. The results show that the measurement system demonstrates 
the motions and measurements of mechanical step displacements of 19 pm and a displacement 
noise floor of 1.1 pm/ÖHz above 1 Hz in normal air. 
Chapter 5. [10-pm-order mechanical displacement measurements]. The chapter focuses on the 
improvement of pm-order mechanical displacement measurements by improving the noise 
reduction algorithms for the phase meter with the FPGA and the utilization of vacuum. The results 
show that the system can measure mechanical step displacements of 11 pm in air and vacuum and 
provide a noise level of 0.2 pm/ÖHz between 50 Hz and 100 Hz in vacuum. 
Chapter 6. [Future works]. The chapter introduces a non-mechanical-displacement-measuring 
heterodyne interferometer using a tunable laser diode. The setup is free of hysteresis (one of the 
cyclic errors), and its periodic nonlinearity (the other cyclic error) can be estimated effectively. 
Chapter 7. [Overall conclusions]. A general view of my research work and some conclusions are 
presented. 
